Cell-surface engineering has been applied to develop a novel technique to visualize yeast in bread dough. Enhanced green fluorescent protein (EGFP) was bonded to the surface of yeast cells, and 0.5% EGFP yeasts were mixed into the dough samples at four different mixing stages. The samples were placed on a cryostat at À30
Cell-surface engineering has been applied to develop a novel technique to visualize yeast in bread dough. Enhanced green fluorescent protein (EGFP) was bonded to the surface of yeast cells, and 0.5% EGFP yeasts were mixed into the dough samples at four different mixing stages. The samples were placed on a cryostat at À30
C and sliced at 10 m. The sliced samples were observed at an excitation wavelength of 480 nm and a fluorescent wavelength of 520 nm. The results indicated that the combination of the EGFPdisplayed yeasts, rapid freezing, and cryo-sectioning made it possible to visualize 2-D distribution of yeast in bread dough to the extent that the EGFP yeasts could be clearly distinguished from the auto-fluorescent background of bread dough.
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The bread-making process can be broadly classified into mixing, fermentation, and baking. 1) Mixing is the most crucial process in determining the quality of flavor and texture of white bread. Three important elements of the mixing process are (i) the relationship in size and distribution between air bubbles, and texture inside the bread, 2, 3) (ii) the formation of gluten with optimum viscoelasticity for gas retention, [4] [5] [6] [7] [8] [9] and (iii) the uniformity of the mixed raw ingredients, such as flour, salt, yeast, sugar, water, fat, and powdered nonfat milk. In particular, information on the distribution of yeast particles of the micron order is difficult.
Numerous studies have been conducted on the problem of observation of the structure of bread dough using various types of microscopy, and the previous studies have been reviewed. 10) However, it is still difficult to clarify the position and distribution of microscopic yeast particles in bread dough. 11, 12) In recent years, Ueda et al. have proposed a cell surface engineering concept, 13, 14) which enables one to display foreign protein molecules and to provide the cells with new functions without disturbing their inner metabolic systems. This technology utilizes information on protein molecules that are transported and localized to cell surfaces. Maeda 15) has applied cell-surface engineering to visualize enhanced green fluorescent protein (EGFP) yeasts in bread dough, and Maeda et al. 10) have developed a novel technique to monitor the change in three-dimensional distribution of yeast in frozen bread dough in accordance with the progress of the mixing process. However, quantification of EGFP yeast distribution in bread dough has not yet been achieved in previous studies, due to the difficulty in distinguishing the EGFP yeasts from the auto-fluorescent background of bread dough.
The objective of this study was to improve the fluorescent bio-imaging technique 15) to visualize the behavior of yeast in bread dough to the extent that the EGFP yeasts can be clearly distinguished from the auto-fluorescent background of bread dough. Strains and media. 16) Escherichia coli DH5 17) was used as a host strain for recombinant DNA manipulation. Saccharomyces cerevisiae strain MT8-1 18) was used as the host strain of the yeast cell-surface display system for displaying enhanced green fluorescent protein (EGFP). E. coli was cultivated in Luria-Bertani (LB) medium (1% tryptone, 0.5% sodium chloride, and 0.1% glucose). The yeast S. cerevisiae was cultivated in YPD medium (1% yeast extract, 2%
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y To whom correspondence should be addressed. Fax: +81-3-5641-8814; E-mail: maedatat@mail.ni-net.co.jp Abbreviations: EGFP, enhanced green fluorescent protein; MSIPS, micro slicer image processing system polypepton, and 2% glucose) or SD-W medium (0.67% yeast nitrigen base without amino acids, 2% glucose, 0.002% adenine sulfate, 0.002% L-histidine-HCl, 0.003% L-leucine, and 0.002% uracil). 19) 2-[4-(2-Hydroxyehtyl)-1-piperazinyl] ehanesulfonic acid (HEPES) was added to SD-W medium at a concentration of 50 mM to buffer the medium during cultivation.
Construction of plasmids and transformation of yeast. 16) Plasmid pIEGI was constructed as follows: A SacII-SacII fragment of the EGFP gene from A. victoria was prepared by PCR (primers, 5
0 -GTCGCC-GCGGGGGTGAGCAAGGGCGAGGAGC-3 0 and 5 0 -GCGGCCGC-GGCCCTTGTACAGCTCGTCCATGC-3 0 ) using pEGFP (Clontech, Palo Alto, Calif.) as a template, and inserted into the SacII site of the integration-type yeast cell surface displaying cassette vector pICAS1. 20) The resulting plasmid was named pIEG1. Plasmid pMEG1 was constructed as follows: The multicopy-type cassette vector pCAS1 was constructed by introducing the 1.48-kbp Eco RI-KpnI fragment of pICAS1, containing the secretion signal sequence gene of the glucoamylase gene the multi-cloning site, 3 0 -half of the coding region encoding 320 amino acids of -agglutinin, and 446-bp of the 3 0 -flanking region of the -agglutinin gene into the Eco RI-KpnI section of pGA11.
21) The fragment of gene encoding EGFP was inserted into the Sac II site of pCAS1 to construct pMEG1. Plasmids pIEG1 and pMEG1 were transformed into S. cerevisiae by the lithium acetate method 22) (Fig. 2) .
Flour and yeast. The wheat flour used in this study was a commercial strong breadmaking flour (Cameria, Nisshin Flour Milling Co., Ltd., Tokyo), containing 12.8% protein (N Â 5:7) and 0.33% ash (both on a 14% moisture basis) and 13.6% moisture. EGFP-displayed yeast of 0.5% on a flour weight basis was also used. Dough formulation and mixing stages. Bread dough samples were prepared using the no-punch straight-dough method, as shown in Table 1 . All samples were mixed in a SK mixer (DTM-50; SK Mixer, Saitama, Japan). The four mixing stages were as follows: The 1st stage (pick-up) was low-speed mixing at 100 rpm for 3 min; the 2nd stage (clean-up) was middle-low-speed mixing at 200 rpm for 8 min; the 3rd stage (final) was with shortening added and was middle-low-speed mixing at 200 rpm for 2 min; the 4th stage (overmixing) was middlehigh-speed mixing at 285 rpm for 8 min.
Rapid freezing and cryosectioning. Small pieces of the dough samples during each mixing stage were taken directly and sliced into 0.8 mm sections with a knife. The sliced samples were immersed in plastic cells filled with OCT compound (Tissue-Tek, Sakura Finetechnical Co., Ltd., Tokyo). Then the plastic cells were gently placed in a cold box (KGW Isotherm, Typ20-CAL, Karlsruhe, Germany), and then rapidly frozen in the presence of a cooling medium such as coarsely crushed dry ice or n-hexan (reagent grade). Subsequently, the plastic cells were inserted into glass bottles and stored in a freezer at À80 C. A cryostat (CM1100, Leica Mycrosystems, Wetzlar, Germany) was set at À30 C, the optimal temperature for the samples. The frozen samples were fixated on the dedicated block of the cryostat. The block was positioned on the stage of the cryostat for thin sections. After the sample surfaces were removed, the anti-roll plate was set under the blade and the samples were sliced at 10 mm. Since the thinly sectioned samples remained on the blade, a slide glass was pressed on the top of the blade for adhesion. The sliced samples were air-dried on the slide glasses.
Image capturing. The samples were observed through a fluorescent microscope (Olympus Optical, BX-51, Tokyo) at an excitation wavelength of 480 nm and a fluorescent wavelength of 520 nm. A cooled CCD digital camera (Nippon Roper, CoolSNAP Color, Chiba) was used to imageand record what was observed, and this was saved in the form of digital images. Figure 3 shows optimally-mixed dough with EGFP yeast. The optimum state can be maintained for no more than 1 min. When dough is in its optimum state, it can be rolled so thin and smooth that it can basically be seen through and would dry in that state. A, genome integrative plasmid pIEG1 for cell-surface display of EGFP; B, multicopy plasmid for cell-surface display of EGFP. Figure 4a shows fluorescent micrographs of S. cerevisiae MT8-1/pIEG (AI) and MT8-1/pMEG1 (AII) with EGFP yeast cells displayed after 24 h cultivation in a pH 7 medium. Green fluorescence in MT8-1/pMEG1 was found to be stronger and clearer than that in MT8-1/pIEG. Therefore, MT8-1/pMEG1 was selected as EGFP yeast cells for subsequent observation. Figure 4b shows the internal structure of optimallymixed bread dough containing EGFP yeast cells (Y) at low magnification (400Â). The yeast cells were uniformly distributed in the samples, and it was possible to distinguish from the auto-fluorescent background of the bread dough. The dispersion of the EGFP yeast cells throughout the gluten/starch matrix could be clearly observed as well. Figure 4c shows the internal structure of optimallymixed bread dough containing EGFP yeast cells (Y) between large-A-type wheat starch granules (St1) and small B-type wheat starch granules (St2) at high magnification (1;000Â). An EGFP yeast cell, dispersed in bread dough containing multiple autofluorescents, strongly emitted green fluorescence. The surrounding primary starch, tailing starch, and gluten was simultaneously observed as well. In particular, the differentiation between tailing starch and yeast was considered difficult due to their extremely similar forms when scanning electron microscopy (SEM) was applied. The proposed 2-D bio-imaging technique simplified differentiation.
Results and Discussion
The above-mentioned observations with a fluorescent microscope using a wavelength specifically for EGFP (520 nm) made it possible to identify the location of the yeast cells dispersed in the bread dough. Since the 3-D distribution of the yeast cells in bread dough has been visualized, 10) the next challenge is 3-D quantification of the yeast distribution. a, Fluorescent micrographs of S. cerevisiae MT8-1 (a-1; pIEG1) and MT8-1 (a-2; pMEG1) displaying EGFP after 24 h of cultivation in ph7-medium; b, Fluorescent micrograph of optimally mixed dough containing EGFP yeast (Y) at low magnification (400Â) using a UV filter set and a GFP filter set (Olympus); c, Fluorescent micrograph of optimally mixed dough at high magnification (1;000Â) containing EGFP yeast (Y) between large A-type wheat starch granules (St1), and small B-type wheat starch granules (St2) using a UV filter set and a GFP filter set.
